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Influence of Rainfall and Catchment Characteristics on Urban 
Stormwater Quality 
Abstract: The accuracy and reliability of urban stormwater quality modelling outcomes 
are important for stormwater management decision making. The commonly adopted 
approach where only a limited number of factors are used to predict urban stormwater 
quality may not adequately represent the complexity of the quality response to a rainfall 
event or site-to-site differences to support efficient treatment design. This paper discusses 
an investigation into the influence of rainfall and catchment characteristics on urban 
stormwater quality in order to investigate the potential areas for errors in current 
stormwater quality modelling practices. It was found that the influence of rainfall 
characteristics on pollutant wash-off is step-wise based on specific thresholds. This 
means that a modelling approach where the wash-off process is predicted as a continuous 
function of rainfall intensity and duration is not appropriate. Additionally, other than 
conventional catchment characteristics, namely, land use and impervious surface fraction, 
other catchment characteristics such as impervious area layout, urban form and site 
specific characteristics have an important influence on both, pollutant build-up and wash-
off processes. Finally, the use of solids as a surrogate to estimate other pollutant species 
was found to be inappropriate. Individually considering build-up and wash-off processes 
for each pollutant species should be the preferred option. 
 
Keywords: Urban stormwater quality; Water quality modelling; Rainfall characteristics; 
Catchment characteristics, Modelling errors 
 
1 Introduction 
The accuracy and reliability of urban stormwater quality modelling outcomes are 
important for stormwater management decision making (Letcher et al., 2002; Francey et 
al., 2010). For the implementation of stormwater treatment strategies such as Water 
Sensitive Urban Design (WSUD), the availability of accurate modelling results is 
important to understand local stormwater quality characteristics and to form the 
underlying basis for the design of effective treatment measures. As Ahyerre et al. (1998) 
have pointed out, stormwater quality is significantly influence d by a number of factors. 
This highlights the fact that the modelling approach adopted, particularly for treatment 
design should be accurate and appropriately relate the stormwater quality response to 
their influential factors. 
  
The modelling approach commonly adopted to predict stormwater quality encompasses 
three processes, namely, runoff routing, pollutant build-up and pollutant wash-off. Runoff 
routing refers to the transformation of rainfall excess to a runoff hydrograph based on 
catchment characteristics such as impervious surface fraction (Woods, 1999). Pollutant 
build-up refers to pollutant accumulation on the surface during the antecedent dry days 
(Vaze and Chiew, 2002), whilst pollutant wash-off is the process where the built-up 
pollutants are transported by stormwater runoff into receiving waters (Brodie and 
Rosewell, 2007). Each of these processes is governed by a range of parameters which 
influences stormwater quality.  
 
3 
 
Rainfall and catchment characteristics are among the most important influential factors in 
relation to urban stormwater quality (Goonetilleke et al., 2005; Nazahiyah et al., 2007; 
Liu et al., 2012a; van der Sterren et al., 2012). Therefore, not surprisingly, stormwater 
quality modelling approaches are primarily underpinned by these two factors. Rainfall 
characteristics mainly include rainfall intensity, rainfall duration and antecedent dry days 
whilst catchment characteristics mainly consist of impervious area fraction and land use.  
 
As stormwater quality is multifaceted, a limited number of factors may not adequately 
explain the complexity of the stormwater quality response to a rainfall event or site-to-
site differences in stormwater quality (Novotny and Olem, 1994). This could lead to 
inadequate design of stormwater treatment systems as accurate modelling results are a 
key requirement. In regards to pollutant build-up prediction by current models such as 
SWMM and MIKE URBAN (SWMM, 2004; MIKE URBAN, 2008), land use is 
typically considered as a lumped characteristic and pollutant build-up loads are assigned 
accordingly (Liu et al., 2012b). This means that these models have been formulated on 
the basis that pollutant processes are consistent within the same land use. This could 
incorporate error into the modelling results since this approach does not consider the 
distributed nature of pollutant build-up within a single land use due to site specific 
characteristics such as road surface condition and local traffic characteristics.   
 
Additionally, the common modelling approach adopted to estimate pollutant wash-off is 
to use a continuous function of rainfall characteristics in models such as SWMM, MIKE 
URBAN and AQUALM (AQUALM, 1992; SWMM, 2004; MIKE URBAN, 2008) or use 
a stochastic process to generate water quality such as in the case of the MUSIC model 
(MUSIC, 2011). However, as Egodawatta et al. (2007) have pointed out, the relationship 
between pollutant wash-off and rainfall intensity is a step-wise function. In other words, 
the influence exerted by rainfall intensity on pollutant wash-off could be different based 
on intensity thresholds. This means that for different ranges of rainfall intensities, the 
equations used by a model to estimate pollutant wash-off needs to be different rather than 
the use of the same equation for any rainfall intensity.   
 
Furthermore, pollutant build-up and wash-off processes are influenced by catchment 
characteristics in addition to conventional factors such as land use. For example, the 
impervious surface area layout plays an important role in runoff routing as it dictates the 
time of response to a rainfall event and hence influences the pollutant wash-off process 
(Shuster et al., 2005; Lee et al., 2009; Liu et al., 2012a; van der Sterren et al., 2012). 
However, current models do not take these factors into consideration.  
 
The above discussions highlight the fact that the complexity associated with pollutant 
build-up and wash-off processes is far greater than what process replication equations in 
current stormwater quality models take into account. In this context, an in-depth 
investigation focusing on issues relating to stormwater quality modelling due to the use 
of inadequately representative process equations and parameters is important. This paper 
presents the deficiencies in current modelling approaches based on the investigation of 
the influence of rainfall and catchment characteristics on urban stormwater quality using 
data from a long-term stormwater quality monitoring programme. The knowledge created 
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can provide pathways and contribute to the future improvement of stormwater quality 
modelling approaches, particularly in terms of improving treatment design. Due to the 
fact that pollutant build-up and wash-off are the most important processes in stormwater 
quality modelling, the research study focused on these two processes.  
 
2 Materials and Methods 
2.1 Study approach and study sites 
The study sites were located in the Gold Coast, Queensland State, Australia. There were 
two types of study sites, namely, road surfaces and catchments. Road surfaces were for 
pollutant build-up data collection whilst the catchments were for pollutant wash-off data 
collection. As shown in Fig. 1, the selected three smaller urban catchments (Alextown, 
Birdlife Park and Gumbeel) are situated within the larger Highland Park catchment. It is 
noteworthy that although the three smaller catchments are solely residential land use and 
the larger catchment is primarily residential, catchment characteristics such as impervious 
area fraction and urban form are different. This provided the opportunity to investigate 
the influence of other catchment characteristics (exclusive of land use) on pollutant wash-
off characteristics. The characteristics of the study catchments are given in Table 1.  
 
Insert Fig.1 and Table 1 
 
The road study sites were selected from three typical urban land uses, namely, residential, 
commercial and industrial, which were situated in close vicinity to the four catchments 
(see Fig. 1). Road surfaces are considered to be the major pollutant source to urban 
stormwater (Vaze and Chiew, 2002). The road surface characteristics are given in Table 1.  
 
As rainfall characteristics primarily affect the wash-off process whilst catchment 
characteristics would influence build-up and wash-off processes, the research study was 
undertaken in the following steps. Firstly, the relationship between rainfall characteristics 
and pollutant wash-off was investigated based on data from the four urban residential 
catchments, which were monitored for rainfall-runoff and stormwater quality. The 
investigated rainfall characteristics were average rainfall intensity, rainfall duration and 
antecedent dry days. This is due to the important role these characteristics play in 
stormwater quality (Liu et al., 2012c).  
 
Secondly, the influence of catchment characteristics on stormwater quality was 
investigated using two sets of analyses, namely, build-up and wash-off. Pollutant build-
up was investigated based on data collected from road surfaces. For each land use 
(residential, commercial and industrial), four road surfaces were selected for build-up 
sample collection. The influence of catchment characteristics on pollutant wash-off was 
analysed based on the data from the same four study catchments. However, the data 
matrix was re-arranged to exclude rainfall characteristics.  
 
2.2 Data collection and samples testing 
Build-up samples were collected from 1.5m×2m plots using a dry and wet vacuum 
system to pick up both coarse and fine particulates. The validity of the collection 
methodology has been confirmed in previous research studies (for example Mahbub et al., 
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2010). Two build-up samples were collected from each road surface representing two 
different antecedent dry periods. Consequently, a total of 24 build-up samples were 
collected from the 12 road surfaces representing three typical urban land uses.  
 
Continuous monitoring of each catchment has been undertaken since 2002 using 
automatic monitoring stations established at the outlets (see Fig. 1) to collect stormwater 
runoff samples and to measure runoff quantity during rainfall events. The sample 
collection equipment was set to trigger when the flow reached a pre-determined depth 
with samples collected in 5-minute intervals. Additionally, an automatic rain gauge has 
been established in close proximity to the catchments (see Fig. 1). A total of 41 rainfall 
events were selected for analysis after evaluation of the available data. However, 
complete data was not available for all of the four catchments for all the 41 rainfall events. 
The number of applicable rainfall events for the individual catchment was: Highland Park 
(18), Alextown (21), Gumbeel (17) and Birdlife Park (17), which amounted to 73 events 
in total. The runoff samples collected for each rainfall event were proportionately mixed 
to form event mean concentration (EMC) samples.  
 
The build-up and wash-off samples collected were tested for total suspended solids (TSS), 
total organic carbon (TOC), total phosphorus (TP) and total nitrogen (TN) as these are 
among the most important stormwater pollutants (Miguntanna et al., 2010; Liu et al., 
2012c). The parameter values were in the form of g/m2 and mg/L for build-up and wash-
off, respectively. Sample testing was undertaken according to test methods specified in 
Standard Methods for the Examination of Water and Wastewater (APHA, 2005). The test 
methods were: TSS (Method 2540C); TOC (Method 5310B); TP (Method 4500-P-B); TN 
which is the summation of NO2--N (Method 4500-NO2-B), NO3--N (Method 4500-NO3-
E) and TKN (Method 4500-Norg-B). Additionally, field blanks and laboratory blanks 
were used as part of the QA-QC procedure. Sample collection, transport and storage 
complied with Australia New Zealand Standards, AS/NZS 5667.1:1998 (AS/NZS, 1998). 
 
3 Results and Discussion 
3.1 Influence of rainfall characteristics on stormwater quality  
The MCDM (Multi Criteria Decision Making) method, PROMETHEE was used for the 
data analysis due to its capability to identify relationships between criteria and actions. In 
PROMETHEE, a ranking order is developed according to the net ranking flow, the φ 
values, for a number of actions on the basis of a range of criteria. The φ values are 
computed for each action on the basis of the partial outranking flow indices, + φ and - φ. 
The actions are rank-ordered from the most preferred one (the most positive (+) φ value) 
to the least well performing one (the most negative (–) φ value). A large difference 
between two net outranking flow values, φ, indicates that the two actions are dissimilar. 
The GAIA biplot is the result of principal component analysis of the data matrix 
constructed from the decomposition of the φ values. The detailed explanation of this 
method can be found in Keller et al. (1991) and Khalil et al. (2004) and the rules for the 
interpretation of the GAIA (principal component) biplot have been provided by Espinasse 
et al. (1997). A detailed discussion about the PROMETHEE method is provided in the 
Supplementary Information. The criteria used for this analysis were pollutant EMC 
values (TSS, TOC, TN and TP) and rainfall characteristics (average rainfall intensity, 
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rainfall duration and antecedent dry days) whilst the actions were the 73 rainfall events in 
the four catchments. Accordingly, a matrix (73×7) was submitted to PROMETHEE 
analysis. The resulting GAIA biplot is given in Fig. 2. 
 
Insert Fig. 2 
 
It is evident from Fig. 2 that all rainfall events are clustered into three groups and is not 
influenced by the study catchments. Group 1 and Group 2 have the same direction as 
pollutant EMC vectors, which are all projected on the negative PC2 axis whilst most 
Group 3 events are opposite and projected on the positive PC2 axis. This means that 
rainfall events in Group 1 and Group 2 have produced relatively higher pollutant EMCs 
than Group 3. Furthermore, the lengths of average intensity and duration vectors are 
much longer than the vector for antecedent dry days. This indicates that average rainfall 
intensity and rainfall duration could have more influence on stormwater quality than 
antecedent dry days.  
 
Additionally, it is noteworthy that Group1 and Group 2 clusters are further divided based 
on rainfall characteristics and pollutant species along the PC1 axis. Group 1 events are 
projected on the negative PC1 axis and shows a strong relationship with average rainfall 
intensity and antecedent dry days as well as TSS, TOC and TN vectors whilst Group 2 
events are projected on the positive PC1 axis and shows a close correlationship with 
rainfall duration and TP vectors. These outcomes confirm that different rainfall 
characteristics could lead to different stormwater quality characteristics in terms of the 
concentrations of different pollutant species.  
 
Table 2 gives a selected data range in relation to rainfall characteristics and stormwater 
quality values for these three groups. Complete details in relation to water quality for the 
four catchments are given in Tables S3 to S6 and the rainfall event data is given in Table 
S7 in the Supplementary Information. It is evident that Group 1 events have high average 
intensity (>20 mm/h), but relatively shorter duration (<2 h), Group 2 events have high 
average intensity (>20 mm/h) as well as longer duration (>2 h), whilst Group 3 events 
have low average intensity (<20 mm/h), but the durations range widely from 0.08 to 8.4 h. 
 
Insert Table 2 
 
In terms of stormwater quality, Group 1 rainfall events display the highest mean EMC 
values with 6.85 mg/L, 225.03 mg/L and 14.63 mg/L for TN, TSS and TOC, respectively, 
whilst Group 2 shows the highest TP EMC value (3.29 mg/L). This can be attributed to 
the relatively higher kinetic energy of high-intensity rainfall events resulting in more 
pollutants being transported (Kleinman et al., 2006). The separation of Group 1 and 
Group 2 which represents events larger than a certain intensity threshold shows that 
pollutant wash-off is a step-wise function for rainfall duration. Both Group 1 and Group 2 
have average intensity larger than 20 mm/h, but the resulting stormwater quality 
characteristics are different. Additionally, the separation of Group 1 and Group 3 
indicates that the pollutant EMC values in wash-off increases with the increase in rainfall 
intensity above a threshold (such as 20 mm/h) as Group 1 events produced higher values 
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than Group 3. This means that pollutants wash-off is also a step-wise function of rainfall 
intensity. Furthermore, it is also evident that the influence of rainfall duration on 
pollutant wash-off in low-intensity events is minimal since Group 3 events have a wide 
range of durations, but consistently produced lower pollutant EMC values (see Table 2). 
 
The high TP EMC produced by high average intensity-long duration events (Group 2) is 
attributed to the characteristic of the phosphorus wash-off process. As Miguntanna (2009) 
has pointed out, phosphorus is closely associated with the ‘fixed solids’ load which is 
strongly adhered to the surface and requires high kinetic energy events for greater 
removal. This means that an increased quantity of phosphorus is washed-off by events 
such as Group 2 events due to the higher kinetic energy and longer duration. The results 
given in Table 2 are in agreement with outcomes of the GAIA biplot.  
 
These outcomes confirm that the approach adopted for pollutant wash-off prediction in 
currently used stormwater quality models is inadequate since the process is considered as 
a continuous function of rainfall intensity rather than a step-wise relationship. 
Additionally, current modelling approaches do not consider rainfall duration as a step-
wise function as evident from the study outcomes. This could lead to inaccuracies in 
stormwater quality modelling outputs. In this context, a modelling approach which 
determines pollutant wash-off based on different rainfall intensity and duration thresholds 
would be more appropriate instead of the current approach which considers wash-off as a 
continuous function with rainfall characteristics.   
 
3.2 Influence of catchment characteristics on stormwater quality 
3.2.1 Pollutant build-up analysis 
Using PROMETHEE, pollutant build-up analysis was undertaken for three urban land 
uses. The criteria used for this analysis were TSS, TOC, TN and TP loads (g/m2) whilst 
the actions were the 24 build-up samples collected (12 roads with two different 
antecedent dry days). Accordingly, a matrix (24×4) was submitted for PROMETHEE 
analysis.  
 
As shown in the GAIA biplot in Fig. 3, build-up samples are generally clustered based on 
their land use and is primarily clustered along PC2 axis, whilst significant scatter within 
the same land use is primarily along the PC1 axis. This implies that although pollutant 
build-up is influenced by land use, it is also highly variable even within the same land use. 
Furthermore, this means that the variation related to different land uses is secondary to 
the variation within the same land use since the PC1 axis indicates the highest variance in 
the dataset (Adams, 1995). These observations confirm that pollutant build-up can be 
influenced by a variety of catchment characteristics rather than just land use. Site specific 
characteristics, including road surface conditions and land cover (such as roof, road or 
garden) were also found to play an important role in influencing build-up, although the 
samples were collected within the same land use (Liu et al., 2012b).  
 
Insert Fig. 3 
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In order to validate the conclusion regarding the variability of pollutants build-up within 
the same land use, coefficient of variation (CV) was determined for each pollutant 
species in build-up samples for the three different land uses so as to convert their 
variability to comparable values. As shown in Fig. 4, for each land use, all pollutants 
show relatively high CV values (>25%). This confirms the high variability of pollutant 
build-up even within the same land use as a data set with CV greater than 10% is 
considered as having a high variability (Hamburg, 1994). Furthermore, it is evident that 
the degree of variation differs among the four pollutant species and land uses. For 
example, residential land use has the highest variation of TP (108.64%), industrial land 
use has the highest variation of TN (69.53%) whilst commercial land use displays the 
highest variation of TOC (132.24%). This means that the variability of pollutants build-
up within the same land use is significantly influenced by both pollutant species and land 
use.  
 
Insert Fig. 4 
 
These conclusions confirm that the current approach adopted to estimate pollutant build-
up could lead to error in modelling results. Firstly, the modelling approach does not 
consider the variability of pollutant build-up within the same land use. This means that 
considering land use as a lumped parameter fails to accurately represent the distributed 
nature of pollutant accumulation during the dry period due to catchment specific 
characteristics. Secondly, these outcomes imply that the sole consideration of land use in 
the modelling approach may not be sufficient to adequately replicate the pollutant build-
up process. Site specific characteristics such as road surface conditions and land cover as 
well as pollutant species are the potential parameters that should be taken into account in 
the modelling approach. 
 
Additionally, it can also be noted in Fig. 3 that most of the industrial land use samples are 
scattered along the TSS vector whilst most of the residential and commercial land use 
samples are scattered along the TN, TP and TOC vectors. This confirms that industrial 
land use generates higher TSS loads whilst residential and commercial land use generate 
relatively more nutrients and organic carbon loads (Miguntanna et al., 2010; Liu et al., 
2012b). This behaviour can be attributed to the enhanced solids generating activities in 
industrial areas and greater vegetation cover and fertiliser usage in residential and 
commercial areas. Furthermore, as shown in Fig. 4, the variation in build-up is different 
for the four pollutant species. This highlights the limited applicability of the current 
practice where solids is considered as the indictor parameter for determining other 
pollutant loads and the need for assigning individual build-up parameters for each 
pollutant species. Moreover, this also implies the importance of collecting the required 
data for different pollutant species for undertaking modelling and model calibration.  
 
3.2.2 Pollutant wash-off analysis 
In order to investigate the influence of catchment characteristics on pollutant wash-off, 
analysis was undertaken on the basis of impervious area fraction. According to Table 1, 
Alextown and Gumbeel have relatively higher impervious surface fraction (with 70%) 
whilst Birdlife Park and Highland Park are lower with 45.8% and 40%, respectively. 
Therefore, the dataset used in the analysis discussed in Section 3.1 was re-arranged into 
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two groups on the basis of high (Alextown and Gumbeel ) and low (Birdlife Park and 
Highland Park ) impervious area fraction catchments. The rainfall characteristics were 
excluded as the focus of the analysis was on the influence of catchment characteristics on 
pollutant wash-off. Fig. 5 gives the resulting GAIA plots. 
 
Insert Fig. 5 
 
Fig. 5A shows that the data spread for Alextown and Gumbeel are different. This means 
that the stormwater quality characteristics for the two catchments are different although 
the land use and the impervious area fraction are the same. Alextown data points are 
more clustered and spread along the PC2 axis, which also separates the four pollutant 
species into two groups with TN and TP projected on the positive PC2 axis whilst TSS 
and TOC are projected on the negative PC2 axis whilst Gumbeel events are relatively 
scattered and spread along the PC1 axis, where all pollutants have positive loadings. This 
means that in the case of Alextown, different pollutants would exhibit different wash-off 
processes. In the case of Gumbeel, the wash-off processes would be consistent regardless 
of the pollutant species. This behaviour is attributed to the nature of the urban 
developments in the two catchments. Compared to Alextown, the impervious area in 
Gumbeel is spatially clustered as the access road is the major drainage path (see Fig. 1). 
This layout results in a shorter travel distance for runoff and hence faster transport of 
pollutants to the drainage system resulting in relatively consistent wash-off process due to 
the shorter time of travel.  
 
According to Fig. 5B, Birdlife Park and Highland Park also have different stormwater 
quality characteristics. This is despite the fact that Birdlife Park is a residential 
development whilst Highland Park also contains a significant fraction of residential area 
(see Fig. 1 and Table 1). Additionally, the impervious surface fractions of Birdlife Park 
(45.8%) and Highland Park (40%) catchments are quite similar.  Highland Park events 
are more scattered in the GAIA biplot than Birdlife Park. This implies that Highland Park 
tends to produce pollutant EMC values with higher variability. Furthermore, it is evident 
from Fig. 5B that rainfall events closely related to pollutant vectors are nearly all from 
Highland Park. This means that Highland Park would produce higher pollutant EMC 
values. These observations can be attributed to the greater complexity of the urban 
development at Highland Park since it is a mixed urban catchment. As Lee et al. (2009) 
have noted, urban catchments with mixed land use presents the worst case scenario such 
as higher variability in terms of stormwater quality since interspersed land uses lead to a 
complexity of drainage connections and more extended road systems to connect different 
land parcels.         
 
The analysis outcomes indicate the important role of other catchment characteristics such 
as urban form and impervious area layout in influencing pollutant wash-off rather than 
land use and impervious area fraction only. This means that the use of only a limited 
number of parameters such as in current modelling approaches may not necessarily 
represent the catchment characteristics accurately which could result in error in water 
quality estimation. More influential parameters in relation to catchment characteristics 
should be incorporated into modelling. 
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4. Conclusions 
This paper details the outcomes of a research study undertaken to investigate the 
influence of rainfall and catchment characteristics on stormwater quality. It was found 
that stormwater quality varies significantly with rainfall characteristics and shows a step-
wise relationship with rainfall intensity and duration. Additionally, both pollutant build-
up and wash-off processes were found to be notably influenced by a range of catchment 
characteristics including conventional factors (land use and impervious area fraction) as 
well as site specific characteristics such as urban form and impervious area layout. These 
outcomes confirm that current stormwater quality modelling approaches, particularly in 
relation to underpinning treatment design, may prove to be inadequate to accurately 
predict stormwater quality and additional key parameters should be incorporated into 
modelling. 
 
Supplementary Information 
A detailed discussion regarding the PROMETHEE method is provided. Additionally, the 
water quality data for the four study catchments are given in Table S3 to S6 and the 
rainfall event data is given in Table S7.  
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Table 1 Summary of characteristics of the study sites 
Study sites – Catchments  
Catchment Area (ha) 
Impervious 
area %  Catchment characteristics 
Alextown 1.7 70 • Residential land use consisting of townhouses.  
• Land cover includes roads, roofs and driveways and landscaped 
gardens.  
• Mild catchment slope, pervious area near to drainage systems. 
Gumbeel 1.2 70 • Residential land use consisting of duplex housing developed around 
cul-de-sac.  
• Ridge area with houses and gardens below drainage line and the 
access road is the drainage.  
• Land cover includes roads, roofs, driveways, landscaped gardens and 
green belt.  
• The pervious area is away from the drainage system. 
Birdlife Park 7.5 45.8 • Residential land use with detached housing and through roads 
connected to a busy arterial road with large extent of road surfaces.  
• Land cover includes roads, roofs and driveways, landscaped gardens 
and grassland.  
• Steep catchment slope, pervious area near to drainage system. 
Highland 
Park 
105.1 40 • Mixed land use with a significant fraction of residential areas and 
located close to busy highway. 
• Land cover includes roads, roofs, driveways, parking lots, landscaped 
gardens, green belts, grasslands and undeveloped bushland. 
• Steep catchment slope to the west and milder slope to east. H 
Study sites – Road surfaces 
Land use Average road texture depth (mm)  Relevant characteristics of surrounding area 
Residential 0.815 Detached houses with small gardens. The road is used by 
residents for access and the road surface is relatively flat 
Commercial 0.868 Close to the beach; a large number of shops, restaurants 
and hotels; the traffic volume is high; the road surface is 
relatively flat 
Industrial 1.055 There are diverse industrial enterprises and the road 
surface is in a poor condition due to usage by heavy 
vehicles and has been subjected to oil spills 
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Table 2 Rainfall and stormwater quality characteristics 
Rainfall events 
Rainfall characteristics Average stormwater quality (mg/L) 
Average 
rainfall 
intensity 
(mm/h) 
Rainfall 
duration 
(h) 
Antecedent 
dry days 
(d) 
ARIb TN TP TSS TOC 
Group 1 
021113a 26.9 1.6 16.2 <1 
6.85 1.16 225.03 14.63 
031024 28.9 1.4 4.3 <1 
031214 28.7 1.2 8.0 <1 
021210 39.5 0.8 5.1 <1 
031026 33.6 0.2 2.5 <1 
030322 52.7 0.6 4.1 >1 
Group 2 040224 28.9 7.6 1.0 >1 5.10 3.29 83.50 8.816 
Group 3 
Mean 9.9 2.4 3.3 
<1 2.19 0.55 92.49 11.36 
Range 5.3-16.8 0.08-8.4 0.1-26.5 
a Rainfall event date (For example, 021113 represents the rainfall event which occurred on November 13th, 
2002);  
bAverage Recurrence Interval 
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FIGURE CAPTIONS 
 
Fig. 1 Study sites 
 
Fig. 2 GAIA biplot for rainfall characteristics and stormwater quality (∆=56.63%) 
Notes: The first letter indicates catchments (A - Alextown; B - Birdlife Park; G - 
Gumbeel; H - Highland Park). The following six numbers are rainfall event date; e.g. 
031024 represents the event on October, 24th, 2003. ∆ - the variance of original data 
matrix explained by GAIA; biplot; pi - decision axis; TN - total nitrogen; TP - total 
phosphorus; TOC - total organic carbon and TSS - total suspended solids 
 
Fig. 3 Pollutants Build-up on different land uses (∆=76.59%) 
Notes: The first letter indicates land use types (R-Residential; C-Commercial; I-
Industrial); the second letter is the first letter of the road name and the digit indicates the 
sampling episode. For other labels refer to Fig. 2. 
 
Fig. 4 CV values for the three land uses  
R - Residential; C - Commercial; l - Industrial 
  
Fig. 5 GAIA biplots for the four catchments 
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Fig. 2 GAIA biplot for rainfall characteristics and stormwater quality (∆=56.63%) 
Note: The first letter indicates catchments (A-Alextown; B-Birdlife Park; G-Gumbeel; H-
Highland Park); The following six digitals are rainfall event date, e.g. 031024 represents the 
event on October, 24th, 2003. ∆ - the variance of original data matrix explained by GAIA biplot; 
pi - decision axis; TN - total nitrogen; TP - total phosphorus; TOC - total organic carbon and 
TSS-total suspended solids 
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Fig. 3 Pollutants Build-up on different land uses (∆=76.59%) 
Note: The first letter indicates land use types (R-Residential; C-Commercial; I-Industrial); The 
second letter is the first letter of the road name and the digit indicates the sampling episode. Other 
labels refer to Fig. 2. 
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R=Residential; C=Commercial; I=Industrial 
Fig. 4 CV values for the three land uses  
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Fig. 5 GAIA biplots for four catchments 
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PROMETHEE and GAIA 
PROMETHEE (Preference Ranking Organisation METHod for Enrichment Evaluations) 
aided by GAIA (Graphical Analysis for Interactive Aid) methods are widely used in 
various environmental research studies to evaluate different alternatives against a set of 
criteria (for example, Khalil et al., 2004; Miguntanna et al., 2010). PROMETHEE is a 
non-parametric method used to rank the actions on the basis of a set of pre-determined 
criteria while GAIA is a principal component analysis biplot that provides visual 
complement to the PROMETHEE ranking.   
 
In PROMETHEE, the ranking order for actions is developed according to the net 
outranking flow, the φ values, for a number of available actions on the basis of a range of 
criteria. To calculate the φ values, each criterion must be provided with three conditions; 
a preference function, a preference order (maximise/minimise) and a weighting. In the 
GAIA biplot, an acute angle between two vectors indicates positive correlation and the 
smaller the acute angle, the stronger the correlation. On the other hand, an obtuse angle 
suggests that the vectors are inversely correlated, while a right angle indicates that they 
are not correlated (Espinasse et al., 1997). The following steps show the approach to 
calculate the φ values between two actions ‘a’ and ‘b’ (Keller et al., 1991): 
 
• Step 1: Creation of a difference matrix (dj) between ‘a’ and ‘b’ from raw data matrix: 
 dj = yj(a) − yj(b)  
where yj (a) and yj (b) are the data points of actions ‘a’ and ‘b’ for criteria yj. 
 
• Step 2: Definition of the preference for ‘a’ over ‘b’: 
A preference function P (a, b) is used to define the preference for ‘a’ over ‘b’ for each 
criterion. The following preference functions (Table S6) are available for the user to 
select depending on the characteristics of the criterion: 
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Table S1 Preference functions 
aLegends used in the preference graph: P (preference); X (difference); x1 (indifference 
threshold); x2 (preference threshold) 
• Step 3: Calculation of global preference index, π: 
Preference function aShape of the graph Mathematical expression 
Linear  
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π(a, b) = �Wj × Pj(a, b)k
j=1
  
where Wj is the weight, which is set to 1 by default. However, it can be changed 
subjectively in case one criterion needs to be emphasized in the selection of actions.  
 
• Step 4: Calculation of outranking flows: 
 Positive outranking �low φ+(a) = 1(n − 1)�π(a, x)
xЄA
  
 Negative outranking �low φ−(a) = 1(n − 1)�π(x, a)
xЄA
  
Positive outranking flow corresponds to how much action ‘a’ is preferred over other 
actions, while negative outranking flow shows how much other actions are preferred 
relative to ‘a’.  
 
• Step 5: Production of partial ranking (Table S2) 
 
Table S2 Partial ranking rules 
Case Conditions Results 
Case 1 
If φ+(a) > φ+(b) and φ-(a) < φ-(b) 
or 
φ+(a) > φ+(b) and φ-(a) = φ-(b) 
or 
φ+(a) = φ+(b) and φ-(a) < φ-(b) 
‘a’ is preferred over ‘b’. 
 
Case 2 If φ+(a) = φ+(b) and φ-(a) = φ-(b) ‘a’ and ‘b’ are equally preferred. 
Case 3 In all other cases ‘a’ and ‘b’ are not comparable. 
 
• Step 6: Production of complete ranking: 
Complete ranking is produced based on the net outranking flow, φ (a), calculated from 
the following equation: 
 φ(a) = φ+(a)− φ−(a)  
 
Complete ranking eliminates the constraint in comparing ‘a’ and ‘b’, even if they are 
directly not comparable (Case 3 in Step 5). However, the compromise may also reduce 
the reliability of the outcome. In addition, the φ values can be used to understand how far 
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two actions are discriminated in PROMETHEE ranking. In the case where the difference 
between the φ values of two actions is over 10% of the whole range, which is the 
difference between the maximum and the minimum values in the data matrix for that 
particular criterion, they may be considered well-discriminated (Ni et al., 2009). This is 
because an error over 10% in the measurement is generally not acceptable. 
 
Table S3 Stormwater quality data for Alextown catchment 
 
Rainfall 
events 
Pollutant EMCs (mg/L) 
Rainfall 
types TN TP TSS TOC 
A-021113 1.12 1.08 66.84 18.43 
Group 1 A-031024 12.00 0.68 120.00 9.47 
A-031214 3.20 0.60 66.00 11.65 
A-040224 3.30 4.67 44.00 5.98 Group 2 
A-021115 1.56 0.31 22.49 11.48 
Group 3 
A-021209 0.78 0.41 42.90 17.42 
A-021226 0.86 0.21 16.70 13.97 
A-030201 3.00 0.67 42.00 15.39 
A-030202 1.69 0.60 2.00 12.26 
A-030203 2.52 0.14 38.00 13.14 
A-030301 2.49 0.62 180.00 16.53 
A-030307 2.86 0.58 158.00 7.82 
A-030312 2.89 0.47 62.00 10.10 
A-030313 2.79 0.28 177.33 9.28 
A-030427 1.71 0.45 62.67 10.06 
A-030514 2.94 0.49 72.67 9.04 
A-021027 0.79 0.42 73.56 12.79 
A-020825 5.32 0.62 59.27 5.02 
A-031215 3.03 1.43 142.00 14.77 
A-040114 4.30 0.45 82.00 8.11 
A-020821 1.80 0.28 44.09 8.88 
                                A-Alextown ; the 6 Digits indicate the rainfall event date 
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Table S4 Stormwater quality data for Birdlife Park catchment 
 
Rainfall 
events 
Pollutant EMCs (mg/L) Rainfall 
types TN TP TSS TOC 
B-021113 0.86 0.47 53.71 3.51 
Group 1 
B-021210 1.53 4.77 25.41 18.55 
B-040224 5.40 6.94 144.00 10.81 Group 2 
B-020604 0.00 0.33 86.79 2.26 
Group 3 
B-020616 0.89 0.51 147.32 9.39 
B-020821 5.52 0.37 218.73 13.24 
B-020827 4.07 1.42 98.58 12.00 
B-020921 1.65 1.79 93.62 4.12 
B-021027 2.66 0.33 166.77 16.08 
B-020602 0.85 0.38 207.51 10.68 
B-021115 1.07 0.49 41.02 19.39 
B-021209 0.80 0.48 26.96 14.23 
B-020503 1.21 0.46 408.86 4.26 
B-030226 2.87 0.93 52.00 12.75 
B-030313 1.95 0.50 28.67 8.08 
B-030427 2.26 0.22 18.67 8.07 
B-020429 0.19 0.10 75.37 3.45 
                                     B-Birdlife Park; the 6 Digits indicate the rainfall event date 
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Table S5 Stormwater quality data for Gumbeel catchment 
 
Rainfall 
events 
Pollutant EMCs (mg/L) Rainfall 
types TN TP TSS TOC 
G-021113 4.56 1.05 235.98 20.13 
Group 1 G-021210 11.83 2.42 51.36 24.42 
G-031024 14.50 1.52 172.00 12.77 
G-040224 4.80 1.00 26.00 8.37 Group 2 
G-020429 0.88 0.26 11.75 9.15 
Group 3 
G-020501 0.00 0.10 15.20 12.43 
G-020503 0.95 0.60 8.73 4.72 
G-020505 1.00 0.13 8.80 4.04 
G-020602 6.00 1.63 119.75 8.90 
G-020604 1.37 0.24 39.92 5.62 
G-020616 0.00 0.39 17.60 5.69 
G-020921 0.69 1.37 56.88 11.52 
G-020428 2.60 0.41 45.08 9.05 
G-021115 2.36 0.44 5.48 14.51 
G-040114 5.10 0.45 32.00 9.40 
G-030225 2.26 0.35 30.67 15.08 
G-030313 2.85 2.28 43.33 9.21 
                                    G-Gumbeel; the 6 Digits indicate the rainfall event date 
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Table S6 Stormwater quality data for Highland Park catchment 
 
Rainfall 
events 
Pollutant EMCs (mg/L) Rainfall 
types TN TP TSS TOC 
H-021113 0.94 0.20 262.78 19.16 
Group 1 
H-030322 2.57 0.00 147.33 12.10 
H-031024 17.10 1.04 411.00 11.35 
H-031214 5.40 0.83 1002.00 18.80 
H-031026 13.50 0.35 311.00 9.86 
H-040224 6.90 0.53 120.00 10.10 Group 2 
H-020825 4.44 1.03 54.64 19.35 
Group 3 
H-020921 1.25 0.58 227.68 3.51 
H-021027 3.93 0.38 92.31 27.98 
H-020428 0.76 0.15 66.00 8.36 
H-030225 2.32 0.45 114.00 21.20 
H-030307 3.44 0.26 193.33 11.58 
H-030312 1.78 0.05 67.33 9.85 
H-030313 2.68 0.67 65.33 16.71 
H-020821 1.12 0.22 228.39 12.05 
H-030427 2.93 0.46 175.33 19.83 
H-030514 2.41 0.55 179.33 12.70 
H-031215 2.04 0.78 332.00 19.43 
                                 H-Highland Park; the 6 Digits indicate the rainfall event date 
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Table S7 Characteristics of the rainfall events 
*                  Group 1 rainfall events  
**                Group 2 rainfall event  
Unlabeled     Group 3 rainfall events  
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Rainfall 
events 
Average 
intensity 
(mm/h) 
Antecedent 
dry days 
(d) 
Duration (h) Rainfall events 
Average 
intensity 
(mm/h) 
Antecedent 
dry days 
(d) 
Duration 
(h) 
030322* 52.73 4.07 0.67 030427 11.22 0.77 5.92 
021210* 39.52 5.10 0.83 030514 10.88 7.16 7.92 
031026* 33.60 2.50 0.25 020428 10.74 11.30 5.00 
031024* 28.95 4.26 1.42 020821 10.71 0.45 7.50 
031214* 28.73 7.99 1.25 020825 10.03 2.55 3.17 
021113* 26.95 16.24 1.67 021209 9.83 5.07 4.25 
040224** 28.98 1.00 7.67 021027 9.52 4.22 2.67 
020616 7.65 7.84 1.33 020827 9.32 1.47 0.17 
031215 7.44 1.04 0.42 030203 9.23 0.83 8.42 
021115 13.76 1.53 3.67 030202 8.67 0.46 0.92 
031019 10.50 0.10 1.67 020505 8.49 0.67 0.58 
030312 16.88 3.41 0.83 030201 8.47 26.54 0.50 
021226 16.39 0.81 1.67 030626 8.23 0.43 0.92 
020429 15.00 0.96 1.08 020604 8.13 0.64 2.75 
040114 14.83 2.46 5.00 031203 7.94 9.04 2.50 
030307 14.55 0.50 0.50 031206 7.58 0.75 0.92 
020921 14.25 4.04 2.50 030301 6.00 1.55 0.08 
020503 12.57 2.13 4.75 020501 5.26 0.64 0.08 
031124 11.66 0.13 1.00 030225 5.30 10.99 0.10 
030313 11.61 0.14 3.33 030226 5.31 0.45 0.10 
020602 11.42 1.69 1.83     
